Abstract: The functional adjustments of winter-deciduous perennials to Mediterranean conditions have received little attention. The objectives of this study were: (i) to determine whether Amelanchier ovalis, a winter-deciduous shrub of Mediterranean and sub-Mediterranean regions, has nutritional and phenological traits in common with temperate zone deciduous trees and shrubs and (ii) to determine the constraints of Mediterranean environmental conditions on these traits. Over two years, phenology and nitrogen, and phosphorus concentrations were monitored monthly in the crown of A. ovalis. Leaf longevity, survival and nutrient resorption from senescing leaves were used to infer nutrient use efficiency and retention times of nutrients within the crown. In A. ovalis, bud burst was much earlier than in temperate deciduous trees and shrubs. Most vegetative and reproductive growth occurred in spring. Limited phenological development took place during the summer drought period. Unexpectedly, leaf shedding was very gradual, which might be related to water shortages in summer. Leaf longevity, nutrient resorption from senescing leaves, and maximum leaf nutrient concentrations indicated that nutrient retention times were short and nutrient use efficiency was low compared to that found in temperate deciduous plants and co-occurring Mediterranean evergreens. A. ovalis exhibited phenological development appropriate for a Mediterranean climate, although its limited ability to retain nutrients likely restricts the types of sites that it can occupy.
Introduction
The Mediterranean climate is characterized by alternation of two favorable (spring and early autumn) and two harsh (summer drought and cold winter) seasons for plant life (Mitrakos, 1980) . Although evergreen shrubs predominate in Mediterranean regions (Suc, 1984) , phanaerophytes (woody plants with the wintering buds in the canopy, i.e., trees and tall shrubs sensu lato) that are leafless in winter are found along riverbanks, in locally wet sites, and scattered throughout the evergreen vegetation matrix (Archibold, 1995) . The adaptations of evergreen shrubs to constraints of the Mediterranean climate have been studied thoroughly, and the mechanisms used to endure winter cold and summer drought have been described extensively (e.g., Salleo et al., 1997; Castro-Díez and Montserrat-Martí, 1998; Larcher, 2000) . There is, however, limited information on the strategies that permit winter-deciduous shrubs that live within the evergreen-dominated matrix to deal with adversities presented by the Mediterranean environment. Winter-deciduous phanaerophytes show their geographical optimum in northern temperate regions and are dominant in most low-and mid-altitude areas having fertile soils (Givnish, 2002) . The northern mid-latitude climate is characterized by cold winters, mild summers, and abundant rainfall throughout the year. Winter cold and seasonal changes in photoperiod are the major factors influencing annual plant growth cycles and use of resources (Larcher, 2003) . In such regions, plant vegetative growth, flowering, fruiting, and leaf shedding occur between mid-spring and autumn (Lechowicz, 1995; Chmielewski and Rötzer, 2001 ). This seasonality of deciduous growth influences internal nutrient cycling. Plants put nutrient reserves into new tissues during spring (Millard, 1996) and, in autumn some of the nutrients in leaves are reabsorbed and stored in perennial tissues (Millard and Proe, 1991) .
In a Mediterranean site, having deciduous leaves might place considerable constraints on plant internal nutrient cycling. In evergreen and deciduous woody plants there is a substantial decrease in net carbon assimilation rate per unit leaf mass (A mass ) during summer drought periods (Tenhunen et al., 1987; Mediavilla, 1999) , which reduces the time available for leaves to pay back the nutrient costs of their construction. Additionally, compared to temperate forest soils, those in Mediterranean forests usually have lower amounts of organic matter; hence, lower soil fertility (Cole and Rapp, 1981; Serrasoles et al., 1999) . Furthermore, soil nutrient availability is markedly seasonal, with the main pulses of nutrient release occurring in early spring and early autumn (Serrasoles et al., 1999) . To survive in a Mediterranean climate, the retention of nutrients by plants in response to low soil fertility, efficient use of leaf nutrients during summer drought, and phenological adjustments to cope with Mediterranean seasonality might be important traits for deciduous phanaerophytes. Leaf-level nutrient use efficiency (NUE), as proposed by Small (1972) and Aerts and Chapin (2000) , is defined as:
where A mass is the net carbon assimilation rate per unit leaf mass, N W is the mass-based concentration of nutrients, and MRT N is the mean residence time of nutrients, which is defined as:
where r is the nutrient resorption efficiency during leaf senescence.
To maximize leaf level NUE, deciduous plants attain high A mass values (Givnish, 2002) , whereas evergreens minimize N W and maximize leaf longevity (Aerts, 1990) . Apparently, nutrient resorption from senescing leaves (r) does not differ between deciduous and evergreen woody plants (Aerts, 1996) . It is unknown, however, whether such generalizations apply to deciduous Mediterranean woody plants inhabiting infertile sites. Among Mediterranean woody deciduous shrubs, long MRT N and high NUE might be difficult to attain because photosynthesis is probably inhibited in summer and leaf lifespan is short in deciduous plants.
Amelanchier ovalis Medicus is a good example of a winter-deciduous shrub that is frequently found living in evergreendominated shrubland in mountainous areas of the Mediterranean basin. The objectives of this study were to determine whether a population of A. ovalis, living in an infertile Mediterranean soil, exhibits phenological and branch-level nutrient cycling patterns that differ from those of temperate zone deciduous phanaerophytes, and to determine constraints of the Mediterranean environment on those patterns. We expected that: (1) to avoid summer drought, A. ovalis arrests vegetative development at the end of spring and delays most fruit growth until autumn and (2), to optimize NUE and lengthen MRT N , A. ovalis has a high resorption efficiency, long leaf lifespan, and low N W compared to temperate deciduous plants. To test the hypotheses, for two years we studied the phenology and branch N and P cycling patterns in a population of A. ovalis in a Mediterranean mountain site characterized by cold winters and dry summers.
Materials and Methods

Study species and study site
A. ovalis Medicus (Rosaceae) is a deciduous, monoecious shrub with fleshy fruit. It occurs in sub-Mediterranean and Mediterranean areas throughout SW Europe, mainly in mountainous locations that experience cold winters. In Mediterranean areas, it is scattered throughout the widespread shrublands of the region (López-Gonzµlez, 2002) . The species has three types of shoots: dolichoblasts, vegetative brachyblasts, and reproductive brachyblasts. The dolichoblasts are long vegetative shoots with distinct long internodes, and brachyblasts are short shoots with very short internodes which bear a terminal inflorescence or an apical bud (Wagenitz, 1996) . , indicating that the nutrient content of the soil was quite low compared to other Mediterranean sites (Specht, 1969; Rapp et al., 1999) .
To estimate temperature and rainfall at the study site, data from the nearest reliable weather station (Ayerbe, elev. 580 m, 25 km from the study site) were used ( Fig. 1) . Typically, the climate is Mediterranean with a cold winter. In 1999, there was considerable precipitation in summer and almost no precipitation in winter. In 2000, most rainfall occurred in spring and autumn, which is typical of the region (Fig. 1 ).
Phenological method
To obtain a reliable phenological diagram, we used the semiquantitative method of Montserrat-Martí and PØrez-RontomØ (2002), in which the qualitative method of Orshan (1988) was modified to include the frequency of phenophases within the population. Here, a phenophase was considered as a recurrent event of reproductive or vegetative activity of the aerial parts of the plant. Ten adult individuals were thoroughly examined each month, to record the presence of the following phenophases: dolichoblast vegetative growth (D VG ), brachyblast vegetative growth (B VG ), flower bud formation (F BF ), flowering (F), fruit set (F S ), seed dispersal (S D ), leaf shedding of dolichoblasts (L SD ), and leaf shedding of brachyblasts (L SB ). This information was used to allocate phenophase frequencies in the population to one of three categories: I: phenophase in more than 25% of the plants, II: phenophase in 5% to 25 % of the plants, and III: phenophase in < 5% of the plants.
During the period of fruit set (F S ), a random sample of 50 fruits was collected from the population each month. To determine the period of exponential fruit mass gain, fruits were ovendried and weighed. To generate leaf survival curves, one welldeveloped two-year-old branch was selected randomly from the mid-crown of each of the 10 marked individuals. In each month of the study, green leaves were counted and recorded in a branch drawing. Mean (L LMEAN ) and maximum (L LMAX ) leaf longevities were determined from the leaf survival curves. In this species, bud burst occurs in flushes; therefore, we calculated an average leafing date and counted the number of days from that date until 50 % (L LMEAN ) and 100 % (L LMAX ) of the leaf cohort was shed.
Chemical analyses and nutrient calculations
Each month, one well-developed two-year-old branch from each of 15 individuals (different from those used for phenological monitoring) were collected randomly from the midcrown. Green leaves, current year stems, one-year-old stems, and two-year-old stems were separated and each fraction was pooled (putting together the material from the 15 branches) to obtain a unique composite sample per organ and cohort. To calculate nutrient resorption efficiencies, fully senesced leaves (which detach easily) were harvested in August and November 1999. Leaf area (L a ) was measured in 25 leaves per sampling date with a Delta-T Image Analysis System (Delta-T Devices Ltd, Cambridge, England). Leaves were oven-dried to a constant weight at 60 8C and their dry weight per leaf (L W ) was measured. Nitrogen concentration was determined using an elemental analyzer (Variomax Elementar) and P concentration was determined using vanado-molybdate colorimetry.
To permit comparisons among organs and with values in the literature, leaf and stem nutrient concentrations are presented per unit mass (mg g ±1 ). To calculate leaf nutrient pools at the branch level, the following formula was used:
where N BR is the total leaf nutrient pool per two-year-old branch, n is the number of leaves per marked branch, L W is the average dry weight of a leaf, and N W is the mass-based concentration of N or P.
Leaf level resorption efficiencies (in 1999, only) were calculated as follows:
where N max is the maximum leaf nutrient content (per unit area) before the onset of the resorption process and N sen is the nutrient content in senesced leaves. Reabsorbed nutrient pool per leaf area unit (r-pool, g m ±2 ) was calculated as N max ± N sen .
Results
Phenological pattern
Despite differences in patterns of rainfall between the two years of this study, inter-annual and inter-individual variability in the phenological pattern was low (Fig. 2) . Vegetative growth of brachyblasts and dolichoblasts began in March and continued until the end of May, with the period of brachyblast growth (B VG ) being shorter than that of dolichoblasts (D VG ). In A. ovalis, leafing is of the flushing type; consequently, the period of growth of each individual shoot was shorter than the 2 ± 3-month period of D VG + B VG . Vegetative brachyblasts contributed most to leaf biomass (76% in 1999 and 75% in 2000) . Dolichoblasts contributed 8% in 1999 and 18% in 2000, and reproductive brachyblasts contributed 16% in 1999 and 7% in 2000. In 1999, additional low-frequency vegetative flushes were observed in autumn, which possibly were a consequence of the wet summer. In addition, dry mass of fully expanded leaves was somewhat higher, though not significantly, in 1999 (L w1999 = 31.0 ( 2.8) mg leaf ±1 ; L w2000 = 24.4 ( 1.7) mg leaf ±1 ; t = 2.02, p = 0.053). Flower bud formation and anthesis overlapped the period of vegetative growth. Fruit mass gain occurred between the beginning of May, overlapping with the period of dolichoblasts elongation, and the end of July (Fig. 3) . Fruit growth was continuous from the beginning until the end of the phenophase, with no resting period during summer. Leaf fall began very early, in June/July, and ended about mid-November, resulting in a very protracted period of leaf shedding.
Seasonal patterns of nutrient storage in leaves and stems
Before and during spring bud burst, nutrients were depleted in stems, while new vegetative and reproductive organs accumulated nutrients. During summer and autumn, a portion of the nutrients in leaves and reproductive structures was lost from the plant through leaf shedding, reproductive output, and her- Fig. 1 Climate of the study area. bivory, but some nutrients were reabsorbed from senescing leaves and directed towards perennial organs. Concurrently with autumn leaf senescence, the N and P contents of stems were replenished, and the maximum yearly nutrient concentrations in stems were reached in winter (Fig. 4) . These patterns match those described previously in other deciduous woody plants from temperate regions (Feeny, 1970; Millard and Proe, 1991; Millard, 1996; Rose and Biernacka, 1999) . In general, the nutrient status of leaves and young stems was higher in 1999 than in 2000.
Based upon analysis of two-year-old branches, the foliage nutrient pool peaked one month after leaf emergence, when leaf number and size were highest, and, thereafter, decreased rap- idly until autumn (Fig. 5) . It should be noted that the N pool in the foliage peaked one month later than the P pool.
Leaf survival, longevity, nutrient status, and nutrient resorption
In both years of this study more than 50% of spring leaves died in summer (Fig. 6) , a phenomenon observed in other populations of A. ovalis in NE Spain (Montserrat-Martí, pers. obs.). The leaf shedding pattern differed somewhat between shoot types; there was a tendency towards increased leaf longevity of dolichoblast leaves, and vegetative brachyblasts leaves, as compared to leaves of reproductive brachyblasts (Fig. 6) . However, that tendency was not statistically significant ( Table 1) . Mean and maximum leaf longevities differed considerably, irrespective of the type of shoot considered, due to early leaf shedding ( Table 1 ).
The mass-based nutrient concentration of A. ovalis leaves, N W , and P W , were 22.86 and 1.48 mg g ±1 in 1999, and 12.02 and 0.78 mg g ±1 in 2000, respectively, at the end of leaf expansion (July). In 1999, nutrient resorption efficiency from senescing leaves (r) was higher in autumn than in summer (Table 2) , especially for P. The nutrient pool recovered per leaf area unit (r-pool) was also higher in autumn than in summer.
Discussion
Compared to temperate winter-deciduous trees, A. ovalis phenophases occurred early.
In A. ovalis, both dolichoblast and brachyblast elongation finished before the beginning of summer, as predicted in hypothesis 1. Flushing-type leafing helped the plant to fully expand new foliage before the onset of summer drought. Vegetative bud burst started in mid-March, which is similar to other winter-deciduous trees in Spain (Mediavilla and Escudero, 2003; Peaeuelas et al., 2002) but much earlier than the 1st of May, the average leafing date for temperate trees reviewed by Lechowicz (1995) . An earlier bud burst would compensate for the earlier arrest in growth, leading to a 2 ± 3-month period of vegetative growth. The date of bud burst is a highly plastic character (Hänninen, 1995) compared to the timing of other phenophases, such as fruit maturation (Lechowicz, 1995) . Phenotypic plasticity might permit deciduous phanaerophytes to begin growing earlier in response to higher early spring temperatures in Mediterranean areas. A drawback to early growth is a moderate risk of suffering from the effects of early spring frosts (Kramer et al., 2000) .
In fleshy-fruited deciduous species, fruit growth occurs in summer and early autumn (Kay, 1992) . We expected A. ovalis to arrest fruit growth until autumn; instead, the mass gain of fleshy fruits was accomplished in late spring and early summer (May ± July). Two factors might account for this pattern. First, the early start of the phenological cycle advances all the phenophases; consequently, fruit growth and ripening occur earlier; and, second, in the first half of summer, water content is still high in deep soil layers (Fotelli, 2000) from which deeprooted woody perennials such as A. ovalis are probably able to extract water. Consequently, fruit growth in early summer is unlikely to be affected by severe water stress. The fruiting chronology of this species raises interesting questions about offspring dispersal. It is remarkable that A. ovalis fruits ripened in mid-summer. In Mediterranean areas, frugivorous birds are most abundant during their post-breeding migration in au- tumn (September to November); in summer, only some juveniles of resident species perform significant seed dispersal (Herrera, 1982) . In A. ovalis, the efficiency of seed dispersal is probably favoured by an ability to keep ripe fruits attached to the crown for long periods (Montserrat-Martí, pers. obs.), extending into autumn the period over which fruits are available to avian dispersers.
During spring, vegetative growth, flower bud swelling, and anthesis occur in a short period. Rapid phenological development entails a high degree of phenophase overlap (Fig. 2) . Bud burst and leaf expansion in brachyblasts occur over a very short period and are probably dependent on internal resource reserves from previous years (Mooney, 1983) . On the other hand, fruit growth and probably elongation of the longest dolichoblasts are likely to be achieved using carbon assimilated in the current season, supplied by the recently formed brachyblasts crown.
The phenological pattern exhibited by A. ovalis resembles that of Amelanchier alnifolia (Steeves and Steeves, 1990 ), a morphologically very similar deciduous shrub that inhabits deciduous forests in mid-latitude areas in western North America. The similarities suggest a significant influence of phylogenetic inertia on the phenology of Amelanchier species, as shown for many other taxa (Kochmer and Handel, 1986) .
Leaf longevity and nutrient resorption suggest low NUE and short MRT N in A. ovalis
In A. ovalis, resorption of N and P was less efficient in summer and only slightly more efficient in autumn than the average values reported for deciduous perennials (r N = 0.51, r P = 0.48; Aerts and Chapin, 2000) . Therefore, rejecting the first prediction of our second hypothesis, A. ovalis did not exhibit higher resorption efficiencies than the average for deciduous perennials. Furthermore, in our study, average leaf longevity was 78.6 days, whereas, among temperate zone deciduous trees leaves last an average of 150 days (Kikuzawa, 1984; Aerts and Chapin, 2000) . Consequently, MRT N in the A. ovalis crown is appreciably shorter than in temperate deciduous and co-occurring evergreen phanaerophytes (Aerts and Chapin, 2000) . In nonoligotrophic sites, where deciduous broadleaved phanaerophytes preferentially grow, selection for maximization of MRT N is unlikely to be strong because nutrient shortages are not a significant selective factor (Givnish, 2002) . In contrast, in lowfertility habitats, MRT N is thought to play an important role in interspecific plant competition (Aerts, 1990; Berendse, 1994) . The limited capacity of A. ovalis to retain nutrients in its crown might constrain this species in competition with evergreen plants.
If A. ovalis reduces carbon assimilation rates during summer drought, which is known in other Mediterranean phanaerophytes (Tenhunen et al., 1990) , the only way plants can attain high leaf-level NUE is through low leaf nutrient concentration (see Introduction). At the end of leaf expansion, N W and P W were, on average, 17.44 and 1.13 mg/g, respectively. These values are lower than the average values reported for deciduous phanaerophytes (N = 20.33 mg/g, P = 1.26 mg/g; Aerts and Chapin, 2000) . Thus, A. ovalis partially balanced NUE by maintaining relatively low leaf nutrient concentration. However, in addition to exhibiting higher nutrient retention times due to their longer leaf lifespan, coexisting evergreens have, on average, lower nutrient concentrations (12 mg/g N and 0.74 mg/g P; Aerts and Chapin, 2000) than A. ovalis. The nutrient use traits exhibited by A. ovalis probably leave it at a disadvantage when competing within the evergreen matrix and, therefore, restrict its establishment to microsites where competition is less strong. Mediterranean summer drought affected nutrient resorption and leaf survival
When leaf senescence occurs in drought conditions, proline and other amino acids accumulate, and may be retained in the fully senesced leaves, decreasing resorption efficiency (Feller and Fischer, 1994) . Additionally, the production of abscisic acid due to water stress can diminish phloem loading, which probably affects retranslocation of nutrients from the leaves (Pugnaire and Chapin, 1992) . Moreover, drought-induced xylem cavitation can disrupt the flow of water, hindering nutrient export (Silla and Escudero, 2004) . In A. ovalis, in fact, nutrient resorption was more efficient in autumn than in summer, which suggests leaf shedding in summer probably was induced by drought. Kikuzawa (1983 Kikuzawa ( , 1984 reported that 58 of 65 species of temperate deciduous trees and shrubs shed most of their leaves during a massive leaf abscission event in autumn; thus, temperate deciduous trees, especially those with flushing-type leafing, do not show the protracted leaf shedding pattern of A. ovalis. Although drought-induced leaf shedding, as in A. ovalis, has been reported extensively (Addicott, 1982; Borchert, 2002) , it is not common in temperate deciduous plants. Leaf shedding helps the plant to reduce respiration (Mooney et al., 1975; Givnish, 2002) , and the water demands of transpiration (Orshan et al., 1988) . The drawback of this strategy is the net loss of resources, e.g., nutrients, from the plant body. Summer leaf shedding and low summer nutrient resorption indicate that nutrient return to the soil through leaf fall occurs earlier in the season in A. ovalis than in exclusively autumn-shedding deciduous trees. Consequently, in A. ovalis the leaf nutrient pool was very low by mid-summer (see Fig. 5 ). Therefore, in summer, the adjustment of transpiring biomass has nutritional costs which can be critical, particularly in dry years.
In conclusion, in A. ovalis vegetative and most reproductive growth occurred in spring; therefore, some winter-deciduous phenological traits are flexible enough to adjust to, a priori, unsuitable climatic conditions. In A. ovalis, summer drought probably affects leaf survival and nutrient resorption. Although precocious summer leaf shedding probably helps to maintain water and carbon balance, the cost is a net loss in the crown nutrient pool. Long nutrient conservation times and winter-green leaf habits are widespread characters in Mediterranean phanaerophytes (Monk, 1966) . Thus, the short nutrient conservation times shown by A. ovalis, might explain the scarcity of the winter-deciduous leaf habit among Mediterranean perennials. Global climatic changes that may lead to drier and hotter scenarios for the Mediterranean region (Houghton et al., 2001 ) would probably hinder phenological adjustment and the poor nutrient conservation ability of deciduous phanaerophytes. The current occurrence of A. ovalis, and probably other winter-deciduous phanaerophytes, in Mediterranean shrublands, might be dependent on root features that favour exploitation of stony substrates and can thus take advantage of microsites where competition with evergreens is not strong.
